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ABSTRACT Multidrug resistance mediated by the drug
efflux protein, P-glycoprotein (P-gp), is one mechanism that
tumor cells use to escape death induced by chemotherapeutic
agents. However, the mechanism by which P-gp confers resis-
tance to a large variety of structurally diverse molecules has
remained elusive. In this study, classical multidrug resistant
human CEM and K562 tumor cell lines expressing high levels
of P-gp were less sensitive to multiple forms of caspase-
dependent cell death, including that mediated by cytotoxic
drugs and ligation of Fas. The DNA fragmentation and
membrane damage inflicted by these stimuli were defined as
caspase dependent by various soluble peptide fluoromethyl-
ketone caspase inhibitors. Inhibition of P-gp function by the
anti-P-gp mAb MRK-16 or verapamil could reverse resistance
to these forms of cell death. Inhibition of P-gp function also
enhanced drug or Fas-mediated activation of caspase-3 in
drug-resistant CEM cells. By contrast, caspase-independent
cell death events in the same cells, including those mediated
by pore-forming proteins or intact NK cells, were not affected
by P-gp expression. These observations suggest that, in addi-
tion to effluxing drugs, P-gp may play a specific role in
regulating some caspase-dependent apoptotic pathways.

Multidrug resistance (MDR) is a major obstacle to treating
patients with cancer (1) and is often the result of overexpres-
sion of a 170- to 180-kDa plasma membrane glycoprotein
known as P-glycoprotein (P-gp) (2-4). Drug transporter hu-
man P-gp is encoded by MDR1 and rodent P-gps by Mdrla and
Mdrlb (5). P-gps belong to the superfamily of ATP-binding
cassette transporters and actively efflux a wide range of
structurally diverse amphipathic drugs used to treat cancer (6,
7). Experiments designed to define the structure of P-gp
suggest that there is no simple single drug-binding site or pore
in P-gp (8). Amino acid substitutions in, or near, most of the
transmembrane segments affect substrate specificity or trans-
port efficiency, and ATP hydrolysis is required for transport (9,
10). How ATP hydrolysis is coupled to vectorial transport is
not clear and remains a weak point of the proposed drug pore
model for P-gp. More recently, following the revelation that a
related mouse P-gp (MDR?2) (=75% identical in amino acid
sequence to MDR1) was a phosphatidylcholine flippase (11,
12), a role for P-gp (MDR1) as a drug flippase or phospholipid
translocator has been strengthened (13).

The major physiological role of P-gp in protecting vital cells
against toxins has been postulated on the basis of P-gp
expression in the apical membranes of gut epithelia, in the
canicular membrane of liver cells, in kidney tubules, and at
blood-tissue barriers (8). This function is illustrated elegantly
in mice that lack one [Mdrla (—/—) or Mdrlb(—/—)] or both
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drug-transporting P-gps, because these mice have profound
defects in drug distribution (5, 14, 15). High P-gp expression
also is found in hematopoietic pluripotent stem cells and
specific lymphocyte lineages, including NK cells and mature
single positive thymocytes (16-18). Significantly, P-gp is ex-
pressed in developing organs of the early fetus where the
ordered process of cell differentiation and death is necessary
for correct organogenesis. Although many additional functions
for P-gp have been proposed based on expression in these
lineages, to date immunological or developmental defects in
mice deficient in both P-gp have not been reported (15).

Given that P-gp can confer resistance to a wide range of
insults, including complement-mediated cytotoxicity (19), we
have considered the possibility that, in addition to drug
transport function, P-gp function may generally inhibit cell
death. The majority of physiological cell death pathways
appear to involve a family of cysteine aspases known as
caspases (20). Herein, we used drug-resistant tumor cell lines
to examine the relationship between P-gp function and cellular
sensitivity to various forms of apoptosis. Overall, our data
support the idea that P-gp may function to specifically inhibit
caspase-dependent tumor cell apoptosis.

MATERIALS AND METHODS

Cell Culture. The acute T cell leukemia cell line, CEM-
CCREF, its doxorubicin (DOX)-selected and resistant P-gphieh
derived line CEM-A7%, and various hybrids of CCRF and A7
expressing high (IC10, 2G10) or very low (2H6 and 4G9) levels
of P-gp have been previously described (21). Parental eryth-
roblastoid leukemia K562 and K562 resistant to vincristine
(VIN)-mediated death (KVIN2000) were a gift from Greg
Woods (University of Tasmania, Hobart, Australia). All cells
were grown in RPMI medium 1640 supplemented with 10%
(vol/vol) fetal calf serum, 2 mM glutamine, 100 units/ml of
penicillin, and 100 ug/ml of streptomycin (GIBCO).

Cytotoxicity Assays. Effector cells and various soluble death
stimuli were assessed by >'Cr release (22), ['?] iododeoxyuri-
dine ('*IUdR) release (23), or terminal deoxynucleotidyl-
transferase-mediated UTP end labeling (TUNEL) assay (2 h)
(24) assays as described. DOX and VIN were obtained from
Phillip Kantharidis, Peter MacCallum Cancer Institute, East
Melbourne, Australia. CH-11 (anti-human Fas IgM, Upstate
Biotechnology, Lake Placid, NY) was purchased. Pneumolysin
was a gift of James Paton, University of Adelaide, Adelaide,
Australia. Rat perforin (pfp) and human granzyme B (gB)
were purified as previously described (23, 25) and were used
in combination as described (24). The cytotoxicity of effector
cells was assessed at three effector/target ratios in a 4-h

Abbreviations: A-NK, adherent natural killer; DOX, doxorubicin;
fmk, fluoromethylketone; gB, granzyme B; ’IUdR, ['?*]iodode-
oxyuridine; MDR, multidrug resistance; pfp, perforin; P-gp, P-
glycoprotein; VIN, vincristine.

*To whom reprint requests should be addressed. e-mail: m.smyth@
ari.unimelb.edu.au.
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cytotoxicity assay. The spontaneous release of 3!Cr or 12’TUdR
was determined by incubating the target cells with medium
alone [or in the presence of anti-P-gp mAb, verapamil, or
caspase fluoromethylketone (fmk) inhibitor where applicable].
It should be noted at the concentrations used, inhibitors alone
did not cause release nor did they affect the long-term survival
of cell lines. The maximum release was determined by adding
SDS to a final concentration of 5%. The percent specific lysis
was calculated as follows: 100 X [(experimental release —
spontaneous release)/(maximum release — spontaneous re-
lease)]. To inhibit P-gp function, the labeled targets were
preincubated for 30 min with MRK-16 (IgG2a mAb, final
1-100 ug/ml) (Kamiya Biochemical, Thousand Oaks, CA) or
UIC2 (IgG2a mAD, final 0.1-5 ug/ml) (Coulter), isotype
control W6/32 (IgG2a) mAb, or verapamil (0.5-10 uM)
(Knoll Australia, Lane Cove, Australia) before the cytotoxicity
assay. To inhibit caspase activity, labeled target cells were
preincubated for an additional 30 min with peptidyl fmks
(ZFA-fmk, BD-fmk, ZVAD-fmk, ZDEVD-fmk, and ZY-
VAD-fmk) (Enzyme System Products, Dublin, CA) (final 0-50
uM). Target cells were added to wells and then coincubated for
the appropriate period with effector cells or increasing con-
centrations of other death stimuli.

P-gp and Fas Detection. CEM and K562 subclones were
washed and incubated with saturating concentrations of mAb
for 1 h on ice. Antibodies used were MRK-16 (0.1 pg/ml),
CH-11, and appropriate isotype control mAbs. Bound mAb
was detected by using fluorescein isothiocyanate-conjugated
goat anti-mouse Ig (Silenus Laboratories, Hawthorn, Austra-
lia) for 1 h on ice, washed, and fixed in 2% paraformaldehyde/
PBS. Cells were analyzed by using a FACScan flow cytometer
(Becton Dickenson).

Anti-Caspase-3 Immunoblotting. Cells (2 X 10°) were lysed
in 50 pl of ice-cold Nonidet P-40 lysis buffer (25 mM Hepes,
pH7/250 mM NaCl/2.5 mM EDTA/0.1% Nonidet P-40/0.5
mM DTT/2 mM phenylmethylsulfonyl) at 4°C for 30 min.
Insoluble material was removed by centrifugation at 4°C.
Proteins (=25 pg) were separated on SDS-15% polyacryl-
amide gels and electroblotted onto nylon membranes. Blots
were probed with anti-human caspase-3 mAb (Transduction
Laboratories, Lexington, KY) and visualized by enhanced
chemiluminescence.

Mice. C57BL/6 mice were maintained and bred at the
Austin Research Institute Biological Research Laboratories.
Mouse interleukin 2 activated adherent-spleen NK cells were
generated as previously described (26).

RESULTS

P-gp Confers Resistance to DOX-Mediated Caspase-
Dependent DNA Fragmentation. Multidrug-resistant and mul-
tidrug-sensitive CEM cell lines (21) were used to investigate a
correlation between P-gp function and sensitivity to caspase-
dependent and -independent apoptosis. CEM cell lines were
phenotyped for P-gp (Table 1), and P-gpish CEM cell lines
were resistant to DOX-induced DNA fragmentation in com-
parison with P-gp'®¥ CEM cell lines (Fig. 1a). The anti-P-gp
mAb, MRK-16, previously has been demonstrated to partially
reverse DOX resistance by reducing drug efflux (19, 27).
Increasing concentrations of the MRK-16 mAb (up to 100
pg/ml) reversed P-gphieh A7" and IC10 cell line resistance to
DOX (data not shown). An optimal concentration of MRK-16
mAD (50 ug/ml) was chosen for further experiments and by
contrast, the same concentration of an isotype control mAb, W
6/32 that binds class I on CEM cell lines, did not reverse A7
resistance to DOX (Fig. 1b).

Soluble peptide inhibitors of caspases, including ZVAD-fmk
[Cbz-Val-Ala-Asp(OMe)-fmk] (28) have been shown to block
nuclear damage and cell lysis in intact cells (29, 30), including
peripheral T cell blasts and T cell lines (28, 31). To determine
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Table 1. P-gp and Fas expression as determined by
flow cytometry

Mean fluorescence

Cell line P-gp Fas 1gG control IgM control
CCRF 7.5 38.8 5.4 3.9
AT+ 492.6 395 8.1 53
4G9 12.3 40.7 6.2 4.2
1C10 260.2 49.5 7.5 5.6
2H6 9.1 41.0 6.3 5.0
2G10 350.9 43.5 9.0 7.0
K562 6.1 13.8 6.2 6.3
KVIN 166.7 18.0 7.7 11.7

CEM and K562 subclones were incubated with mAbs against P-gp
(MRK-16, IgG), Fas (CH-11, IgM), or appropriate isotype control
mAbs. Bound antibodies were analyzed by flow cytometry.

the optimal caspase inhibitor concentration in CEM cell lines,
ZVAD-fmk and a control ZFA-fmk inhibitor initially were
titrated (1-50 pwM) for activity in P-gp'® CCREF target cells
against a wide range of DOX concentrations (0.001-10 pg/
ml). As little as 1 uM of ZVAD-fmk inhibited DOX-mediated
I25TUdR release, with optimal inhibition of DOX activity in
CCRE cells at 20 uM or greater (data not shown). ZFA-fmk
did not block DOX-mediated apoptosis at all concentrations
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Fig. 1. P-gp confers resistance to DOX-mediated caspase-
dependent DNA fragmentation. (¢) CEM cell lines (P-gp'°¥ CCREF,
2H6 and 4G9, P-gphigh A7+ 2G10, and IC10) were labeled with
125TUdR for 1 h, washed in growth media, and incubated for 48 h in
96-well plates (2 X 10* cells/well) with DOX. (b) In some wells CCRF
or A7+ cells also were preincubated with anti-P-gp mAb (MRK-16) or
isotype control W6/32 mAb (50 wg/ml, final concentration) for 30
min, and DOX was added. Neither mAb caused more than 5%
I2TUdR release above background in the absence of DOX. (¢) In some
wells CCRF or A77 cells were preincubated for 30 min with 20 uM
(final concentration) ZVAD-fmk or control ZFA-fmk inhibitor, and
DOX was added. These data are calculated as the mean = SE of
triplicate samples and are representative of at least two different
experiments. DOX concentrations (ug/ml) are shown on the x-axes of
each part.
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tested. DNA fragmentation mediated by low concentrations of
DOX (<0.1 ug/ml) was almost completely inhibited in CCRF
by ZVAD-fmk, but DNA fragmentation of A7* was not greatly
inhibited at any concentration of DOX (Fig. 1c). Previously,
induction of CEM cell apoptosis by DOX has been found to be
in the concentration range of 0.001 to 0.1 ug/ml, and higher
concentrations were not associated with typical DNA frag-
mentation (32). Consistent with those observations, the high-
est concentrations of DOX (>0.1 ug/ml) were not completely
blocked by ZVAD-fmk in CCREF cells (Fig. 1¢), suggesting that
at these concentrations, death mediated by DOX may be
partially caspase independent.

The effect of caspase inhibitors on DOX-mediated cell lysis
and DNA fragmentation were further investigated in the
presence of MRK-16 mAb. The resistance of A7* to DOX was
reversed by MRK-16 (Fig. 2 a and b) mAb. Both the DNA
fragmentation and membrane damage induced in the presence
of MRK-16 mAb was significantly inhibited by ZVAD-fmk
(Fig. 2 a and b). Similar data were obtained by using another
P-gp specific mAb, UIC2, or verapamil, a pharmacological
inhibitor of P-gp, to inhibit P-gp function (data not shown).
Other P-gphigh and P-gp'°" CEM cell lines tested displayed an
equivalent pattern of sensitivity to DOX, MRK-16 mAb, and
caspase inhibition (data not shown).
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FiG. 2. DOX- and Fas-mediated DNA fragmentation and mem-
brane lysis is caspase dependent and reduced by P-gp function. CEM
cell lines, CCRF (P-gp'¥) or A7+ (P-gphigh) were labeled with >'Cr
(lysis; @ and ¢) and >TUdR (DNA fragmentation; b, d, and e) for 1 h,
washed in growth media, and incubated for 16—-48 h in 96-well plates
(2 X 10* cells/well) with cell death stimuli at final concentrations as
follows: (a and b) DOX (0.1 pg/ml, 48 h); (¢ and d) anti-human Fas
IgM mAb, CH-11 (0.01 pg/ml, 16 h). (a—d) Some A7 cells were
preincubated for 30 min with anti-P-gp mAb (MRK-16) (50 ug/ml,
final concentration) and/or followed by 20 uM (final concentration)
ZVAD-fmk or control ZFA-fmk inhibitor for 30 min. Cell death
stimuli then were added as indicated. (e) A7+ cells were preincubated
with increasing concentrations of MRK-16 mAb (1-100 wg/ml, M1 to
M100), UIC2 mAbD (0.1-5 pg/ml, U0.1 to US) or verapamil (0.5-10
uM, V0.5 to V10), then treated with 1 or 10 ng/ml anti-Fas mAb for
16 h. These data are calculated as the mean = SE of duplicate samples
and are representative of at least two different experiments.
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P-gp Confers Resistance to Fas and Other Caspase-
Dependent Apoptotic Stimuli. In lymphoid cells the Fas/Fas
ligand (FasL) system is a key regulator of apoptosis, and its
primary function appears to be homeostatic regulation of T
cells within the peripheral immune system (33-35). Cell death
of T cell lines in response to Fas ligation appears to be caspase
dependent (31), and several key caspases in this pathway have
been defined (36). Despite expressing equivalent levels of Fas
(Table 1), P-gp"ieh CEM cell lines were at least 20-fold more
resistant to anti-Fas mAb than P-gp'% cell lines over a
concentration range of 1-1,000 ng/ml (10 ng/ml vs. CCRF or
A7" shown) (Fig. 2 ¢ and d). Fas-mediated cell membrane
damage and DNA fragmentation of sensitive CCRF was
inhibited by caspase-specific ZVAD-fmk. Surprisingly, A7
DNA fragmentation by anti-Fas mAb was significantly in-
creased by MRK-16 mAb, and this DNA fragmentation was
almost completely inhibited by ZVAD-fmk, but not ZFA-fmk
(Fig. 2 ¢ and d). A dose-response increase in Fas-mediated
DNA fragmentation (10 ng/ml anti-Fas mAb, Fig. 2¢) and
membrane damage (data not shown) in A7 cells was dem-
onstrated with increasing concentrations of MRK-16 mAbD,
UIC2 mAb, or verapamil. Similar data were obtained at 1
ng/ml anti-Fas mAb (data not shown). P-gphieh cells were also
less sensitive to whole effector cells (mediating death via FasL)
or soluble recombinant FasL (data not shown); 10-20 times
more resistant than P-gp'°¥ cell lines to vinblastine and eto-
poside (over a concentration range of 0.01-10 ug/ml); and five
times more resistant to the glucocorticoid, dexamethasone
(5-500 pg/ml). All of these drugs mediated DNA fragmen-
tation via caspase activation (data not shown).

Caspase-Independent Forms of Membrane Lysis Unaf-
fected by P-gp Overexpression. Pfp and serine protease, gB,
are the major cytolytic granule proteins that act in synergy to
deliver the lethal hit of cytolytic lymphocyte granule exocytosis
(37). All CEM cell lines were equivalently lysed by pfp alone
over a large concentration range (30-600 units/ml), and this
lysis (300 units/ml shown) was not affected by caspase-specific
ZVAD-fmk inhibitor (CCRF and A7* shown, Fig. 3a). Con-
sistent with previous reports (38), pfp alone did not cause
target cell DNA fragmentation (Fig. 3b). Similar data was
obtained when CEM cell lines were exposed to increasing
concentrations of another pore-forming protein, pneumolysin
(data not shown). A combination of a sublytic concentration of
pfp (30 units/ml) and increasing concentrations of gB (0.5
pg/ml shown) did mediate target cell lysis and DNA fragmen-
tation in CEM cell lines (Fig. 3 ¢ and d). CCRF and A7* were
equivalently lysed by pfp and gB, and this lysis was not affected
by caspase-specific ZVAD-fmk inhibitor (Fig. 3c¢). Only CCRF
was sensitive to pfp and gB-mediated DNA fragmentation, and
this fragmentation could be blocked by ZVAD-fmk (Fig. 3d).
The resistance of A7 cells could be partially reversed by the
MRK-16 mAb and the resultant DNA fragmentation blocked
by ZVAD-fmk. The relative resistance of several P-gphish CEM
cell lines also was supported by determining the percentage of
apoptotic cells by terminal deoxynucleotidyltransferase-
mediated UTP end labeling (TUNEL) staining (data not
shown).

Mouse adherent-NK cells (A-NK) display pfp-dependent
xenolysis of human target cells (26). A-NK cells induced
significant and equivalent levels of lysis in CCRF and A7+ cell
lines, and this lysis was not inhibited by ZVAD-fmk (Fig. 3e).
Thus target cell susceptibility to NK-mediated cell lysis was not
influenced by P-gp expression. In contrast, A-NK cell-
mediated DNA fragmentation of CCRF was considerably
greater than that in A7 cells, and this DNA fragmentation
was specifically inhibited by ZVAD-fmk (Fig. 3f). Thus DNA
fragmentation mediated by A-NK cells was caspase dependent
and was affected by target cell P-gp expression. Other P-gphigh
and P-gp' CEM cell lines tested displayed an equivalent
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F1G. 3. Caspase-independent forms of membrane lysis unaffected
by P-gp overexpression. CEM cell lines, CCRF (P-gp'%) or A7+
(P-gphigh) were labeled with >'Cr (lysis; @, ¢, and e) and ' ITUdR (DNA
fragmentation; b, d, and f) for 1 h, washed in growth media, and
incubated for 4 h in 96-well plates (2 X 10* cells/well) with cell death
stimuli at final concentrations as follows: (a and b) pfp (300 units); (¢
and d) pfp (30 units) and gB (0.5 ug/ml); and (e and f) NK cells at
effector/target ratios as shown. In some wells CCRF or A7+ cells were
preincubated for 30 min with anti-P-gp mAb (MRK-16) (50 ug/ml,
final concentration) and/or followed by 20 uM (final concentration)
ZVAD-fmk or control ZFA-fmk inhibitor for 30 min. Cell death
stimuli then were added as indicated for 4 h (NT = not tested). gB
alone at these concentrations was without effect. These data are
calculated as the mean * SE of duplicate samples and are represen-
tative of at least two different experiments.

pattern of sensitivity to A-NK cells and caspase inhibition
(data not shown).

P-gp Affects Caspase-3-Mediated DNA Fragmentation in
CEM Cell Lines. To more specifically evaluate those caspases
that P-gp may regulate, caspase-1-like- (ZYVAD-fmk) and
caspase-3-like- (ZDEVD-fmk) protease-specific inhibitors
were used. Both DOX- and anti-Fas IgM-mediated DNA
fragmentation in CCRF were inhibited by 20 uM ZDEVD-
fmk, but not ZYVAD-fmk, suggesting that a caspase-3-like
activity was required for DNA fragmentation (Fig. 4 a and D).
The increased sensitivity of A7* to DOX or anti-Fas IgM on
MRK-16 mADb pretreatment also was significantly inhibited by
ZDEVD-fmk (Fig. 4 a and b). The ZDEVD-fmk inhibitor
similarly blocked membrane damage induced in these circum-
stances (data not shown). It should be noted that ZY VAD-fmk
previously has been demonstrated to inhibit Fas-mediated
apoptosis in CEM-C7 T cells, but only at concentrations
greater than or equal to 500 uM (39).

Activation of caspase-3 results in proteolytic cleavage of the
~32-kDa pro-caspase-3 into active p17 and p12 polypeptides
(40). Cell lysates from CCRF and A7" cells treated with
anti-Fas mAb for 4 h, with or without pretreatment with

Proc. Natl. Acad. Sci. USA 95 (1998) 7027
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F1G. 4. P-gp affects caspase-3-dependent DNA fragmentation in
drug-resistant cell lines. CEM cell lines [CCRF (P-gp'°¥) and A7+
(P-gphigh)] were labeled with '>STUdR for 1 h, washed in growth media,
and incubated for 16-48 h in 96-well plates (2 X 10* cells/well) with
cell death stimuli at final concentrations as follows: (¢) DOX (0.1
wg/ml, 48 h); (b) anti-human Fas [gM mAb CH-11 (0.01 pg/ml, 16 h).
In some wells cells were preincubated for 30 min with anti-P-gp mAb
(MRK-16) (50 pg/ml, final concentration) and/or followed by 20 uM
(final concentration) ZDEVD-fmk or ZYVAD-fmk inhibitor for 30
min. Cell death stimuli then were added as indicated for 16—48 h.
These data are calculated as the mean * SE of duplicate samples and
are representative of at least two different experiments. Protein lysates
from CCREF (c) or A7* (d) cells treated with anti-Fas IgM (0.01 ug/ml,
4 h) in the presence or absence of MRK-16 (50 ug/ml, final concen-
tration) or verapamil (5 uM) were separated by SDS/PAGE, and
Western blots were performed by using an anti-caspase-3 mAb. The
addition of anti-Fas IgM, MRK-16, and verapamil is indicated by the
table above the blots, and the position of molecular weight markers in
kDa is indicated on the left. The expression of pro-caspase-3 and an
active cleaved product is indicated by arrows.

MRK-16 or verapamil, were tested by Western blot for
caspase-3 activation. The anti-Fas IgM induced caspase-3
cleavage and activation in CCRF cells in the presence or
absence of MRK-16 or verapamil as shown by the decrease in
the levels of pro-caspase 3 and the appearance of a 17-kDa
processed form (Fig. 4c). By contrast, caspase-3 activation in
AT7" cells treated with anti-Fas mAb was observed only after
pretreatment with MRK-16 or verapamil (Fig. 4d). Complete
activation of pro-caspase 3 was observed in CCRF and A7+
cells treated with anti-Fas mAb for 24 h or DOX for 48 h in
the presence or absence of MRK-16 or verapamil (data not
shown).

P-gp Inhibits DNA Fragmentation in a K562 Drug-
Resistant Cell Line. K562 (P-gp'®%, Table 1) and its VIN
selected partner, K562VIN (P-gphigh), were used to demon-
strate that P-gp function could inhibit caspase-dependent
apoptosis in non-T cells. VIN-mediated membrane damage
and DNA fragmentation was significantly inhibited by ZVAD-
fmk (Fig. 5 @ and b) and ZDEVD-fmk (data not shown) in
K562 cells, but not K562VIN cells. Inhibition of P-gp function
in KS62VIN by MRK-16 mAb reversed resistance to VIN, and
subsequent cell death was inhibited by ZVAD-fmk (Fig. 5 a
and b) and ZDEVD-fmk (data not shown). A sublytic con-
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Fic. 5. P-gp affects caspase-dependent DNA fragmentation in
drug-resistant K562 cell lines. K562 cell lines [K562 (P-gp'°%) or KVIN
(P-gphieh)] were labeled with 5!Cr (@ and ¢) and/or >IUdR (b and d)
for 1 h, washed in growth media, and incubated for 4-48 h in 96-well
plates (2 X 10* cells/well) with cell death stimuli at final concentra-
tions as follows: (a and b) VIN (0.1 ug/ml, 48 h) and (c and d) pfp (60
units) and gB (0.5 wg/ml, 4 h). In some wells cells were preincubated
for 30 min with anti-P-gp mAb (MRK-16) (50 wg/ml, final concen-
tration) and/or followed by 20 uM (final concentration) ZVAD-fmk
or control ZFA-fmk inhibitor for 30 min. Cell death stimuli then were
added as indicated for 4-48 h. These data are calculated as the mean *=
SE of duplicate samples and are representative of at least two different
experiments.

centration of pfp (60 units/ml) and gB (0.5 pg/ml shown)
mediated equivalent membrane lysis in K562 and K562VIN,
and this lysis was not affected by caspase-specific fmk inhibi-
tors (Fig. 5¢). In contrast, K562 were comparatively sensitive
to pfp and gB-mediated DNA fragmentation and this frag-
mentation could be blocked by ZVAD-fmk (Fig. 4f) or
ZDEVD-fmk (data not shown). The resistance of K562VIN
cells could be partially reversed by the MRK-16 mAb, and the
subsequent DNA fragmentation was blocked by ZVAD-fmk.
The data imply that in at least two different cell lineages
caspase-mediated apoptosis is impinged on by functional P-gp,
but caspase-independent cell membrane lysis is not affected.

DISCUSSION

P-gp, responsible for MDR, has been demonstrated to protect
human tumor cells from multiple forms of caspase-mediated
apoptosis. CEM and K562 cell lines overexpressing P-gp were
considerably less sensitive to a spectrum of cell death stimuli
that mediate DNA fragmentation in non-P-gp expressing
tumor cell lines via a caspase-dependent pathway. Importantly,
in two different drug-selected cell lines (selected with different
drugs), the resistance to several death stimuli could be re-
versed by inhibition of P-gp function by using two different
P-gp-specific mAbs. In particular, drug-resistant cell lines were
resistant to Fas-mediated apoptosis, and inhibition of P-gp
function in drug-resistant cell lines restored sensitivity to
anti-Fas mAb-induced cell death.

Currently, there is conflicting evidence regarding the rela-
tionship between drug resistance and resistance to Fas-
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mediated apoptosis. Some studies advocate a role for FasL in
drug-mediated apoptosis (32) or coselection of drug and Fas
resistance in CEM cells (41). Others clearly demonstrate that
resistance to Fas-mediated apoptosis, which may be caused by
defects in or absence of signaling proteins proximal to the Fas
receptor, can be bypassed by cytotoxic drugs (42). Such studies
have used cells that are resistant via non-P-gp mechanisms (41)
or failed to evaluate the impact of P-gp activity on Fas-
mediated apoptosis. Certainly, our P-gphigh cells expressed
equivalent levels of surface Fas as determined by flow cytom-
etry, and these cells were not routinely maintained in drug.
Given that resistance to Fas-mediated apoptosis is reversed by
inhibiting P-gp function, drug-resistant CEM cells do not
appear to lack key upstream components of the Fas pathway;
such as the adaptor protein FADD, or protease FLICE
(caspase-8).

Many forms of apoptosis cause caspase-3 activation, result-
ing in autocatalysis and cleavage of other caspases and down-
stream substrates (43—46). Caspase-3 activation requires sev-
eral key cytosolic components including: apoptotic protease
activating factor-1 (Apaf-1), cytochrome ¢ (Apaf-2), Apaf-3
(caspase-9), and dATP (43, 47). The sensitivity of most
apoptotic programs to levels of cytosolic ATP, including
Fas-induced apoptosis (48), raises the possibility that the level
of cytosolic ATP, cytochrome ¢, or activated caspase-3 may
regulate the initiation of apoptosis. Therefore, an alternate
hypothesis might be that P-gp might be able to regulate the
cytosolic levels of these proteins or upstream mediators (such
as caspase-8 or FADD). Clearly the possibility of their extru-
sion by P-gp needs to be explored.

Importantly, the DNA of drug-resistant cells could be
fragmented in a caspase-3-dependent manner when P-gp
function was inhibited. Inhibition of P-gp function, with either
the MRK-16 Ab or verapamil, resulted in cleavage and acti-
vation of pro-caspase-3 in drug-resistant cell lines on addition
of an apoptotic stimuli. At present it is not known whether the
effect of P-gp is on caspase-3 itself, or on upstream caspases
such as caspase-1, -8, and/or -9. As specific inhibitors for
individual caspases continue to be developed, their use will aid
dissection of the caspases affected by P-gp function. Apoptotic
mitochondrial damage also is blocked by caspase inhibitors
(49), and hence evaluation of the effect of P-gp activity on
mitochondrial events and clonogenic potential of MDR cells
undergoing Fas-mediated apoptosis will be of interest. Other
drugs that are not effluxed by P-gp, but that do require caspase
activity for the execution of apoptosis, also may shed light on
the specificity of the effect of P-gp on caspase pathways.

The ability of P-gp to specifically inhibit caspase-dependent
apoptosis also was substantiated by the equivalent sensitivity of
P-gphigh and P-gp'°¥ cell lines (in two different cell types) to
several different forms of caspase-independent cell death.
Aside from high concentrations of some chemotherapeutic
drugs, membrane-disrupting agents (such as the pore-forming
pneumolysin and pfp used herein) and CTL/NK cell granule
exocytosis (31) are the only well-characterized forms of
caspase-independent cell death. Importantly, whereas pore-
formers trigger membrane disruption alone, lysis of cell lines
caused by other death stimuli was caspase dependent and
could be regulated by functional P-gp. Furthermore, we have
shown that pfp in combination with grB (or intact NK cells)
can lyse cells in a caspase-independent manner, but activate
caspases leading to nuclear damage. Our data supports that of
Sarin et al. (31), and thus granule exocytosis-mediated cell
death has provided a unique form of cell death that well
illustrates the differential effect of P-gp on events that are
caspase dependent and caspase independent.

It is tempting to speculate that P-gp may have a dual
physiological role in protecting cells from apoptosis. Clearly,
P-gp can remove harmful toxins from the cell, thereby inhib-
iting their chemotoxic effect. The results described herein
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show that P-gp function also can influence caspase-3 activa-
tion, a necessary step for apoptosis induced by a variety of
pharmaceutical and physiological apoptotic stimuli. Concep-
tually, these experiments might be better performed in cell
lines that were not selected in chemotherapeutic drugs; how-
ever, cell lines transfected to express P-gp are routinely
selected in drug, and only one pair of human nondrug-selected
P-gp cell lines have been described previously (19). Impor-
tantly, in this study using drug-selected cell lines, resistance
could be reversed by using specific anti-P-gp mAbs. The lowest
concentrations at which apoptosis was induced by chemother-
apeutic drugs in vitro are therapeutically relevant, and because
P-gp is expressed on a variety of tumors in vivo, our data may
have important implications for cancer therapy. Very few
examples of stimuli that trigger caspase-independent cell death
pathways currently exist, but clearly a greater understanding of
these pathways may provide the key to better therapies for
MDR tumors.
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